One sentence summary: Physiological, genomic and bioenergetic characterization of Thermoproteus strain CP80 provides new insights into the kinetic and energetic factors that influence the physiology and ecology of facultative autotrophs in high-temperature acidic environments.
INTRODUCTION
Facultative autotrophy, or the ability to alter carbon metabolism between the utilization of inorganic (CO 2 ) and organic sources, has been demonstrated in a number of hyperthermophilic, sulfur-reducing crenarchaeota isolated from high-temperature, sulfur-rich hydrothermal environments (Zillig et al. 1981; Huber, Kristjansson and Stetter 1987; Huber et al. 2000; Plumb et al. 2007; Zillig and Reysenbach 2015) . For example, the hyperthermophilic, elemental sulfur (S 8 • )-reducing crenarchaeote Pyrobaculum islandicum grows autotrophically with hydrogen (H 2 ) as an electron donor, as well as heterotrophically on complex organic substrates such as peptone, yeast extract, meat extract or cellular homogenate from a variety of bacterial and archaeal cultures (Huber, Kristjansson and Stetter 1987) . Likewise, the hyperthermophilic crenarchaeote, Thermoproteus neutrophilus, also a sulfur-reducer, grows autotrophically, mixotrophically or heterotrophically (Schäfer, Barkowski and Fuchs 1986; Schäfer et al. 1989a,b; Ramos-Vera, Berg and Fuchs 2009; Ra mos-Vera et al. 2010) . Organic compounds, including formate, have been reported in the thermal fluids of marine and terrestrial hydrothermal systems in which elemental sulfur is available as an electron acceptor Amend 2005, 2006; Rogers, Amend and Gurrieri 2007; Windman et al. 2007; Urschel et al. 2015) . Previous studies have suggested H 2 as the primary energy source in such environments Pace 2005, 2006) while thermodynamic modeling indicates that the oxidation of organic compounds may yield as much or more energy as the oxidation of H 2 under these conditions (Amend et al. 2003; Rogers and Amend 2006; Windman et al. 2007 ). This suggests that microorganisms in these hydrothermal environments may grow heterotrophically as opposed to autotrophically using H 2 when suitable organic substrates are available. Recent studies provide some evidence for this. For example, T. neutrophilus was shown to preferentially utilize organic carbon substrates over CO 2 , when both were available (Schäfer, Barkowski and Fuchs 1986; Schäfer et al. 1989a,b; Ramos-Vera, Berg and Fuchs 2009; Ramos-Vera et al. 2010) . Moreover, the generation times of S 8
• -reducing T.
neutrophilus cultures growing mixotrophically with acetate, 4hydroxybutyrate, succinate or pyruvate were up to 66% shorter than those exhibited in cultures growing autotrophically with H 2 and CO 2 (Ramos-Vera et al. 2010) . Under these mixotrophic growth conditions, a significant percentage of the carbon incorporated into biomass came from organic substrates, rather than CO 2 , leading to the conclusion that cells were downregulating CO 2 assimilation to allow for the preferential use of carbon from organic acids. We recently demonstrated CO 2 and formate assimilation in 13 geochemically distinct, high-temperature (>73 • C) hot springs in Yellowstone National Park (YNP) using a microcosm-based approach (Urschel et al. 2015) . In that study, amendment of microcosms with low concentrations of formate (<20 μM) suppressed CO 2 assimilation, even over short (<60 min) incubation times. The observed suppression of CO 2 assimilation by amendment with low concentrations of formate over such a short timeframe suggested that the same populations were involved in both CO 2 fixation and formate oxidation in these hot springs. These results indicate that facultative autotrophs alter their metabolism to preferentially utilize the more thermodynamically favorable (and reduced) substrate formate (Urschel et al. 2015) , when both substrates are available. Indeed, kinetic experiments indicated that the formate-utilizing populations in these geothermal springs were adapted to utilize formate at low concentration with measured community uptake affinity constants (K s ) ranging from 2.3 to 36.9 μM, which largely corresponded with the concentrations of formate required to suppress autotrophic activity in these communities.
The dominant 16S rRNA gene sequences identified in hot springs where our previous microcosm-based experiments were conducted were often closely affiliated with facultative autotrophs or with organisms whose genome sequences suggest a facultatively autotrophic lifestyle (Urschel et al. 2015) . For example, the dominant archaeal 16S rRNA gene sequence identified in sediments sampled from Cinder Pool (CP, 88.7 • C, pH 4.0), YNP was closely affiliated (98.8% sequence identity) with T. uzonensis 768-20, which was isolated from a hot spring in Russia (Bonch-Osmolovskaya et al. 1990 ).
The genus Thermoproteus includes strains with a wide range of metabolic strategies including obligate heterotrophy, obligate autotrophy, mixotrophy and facultative autotrophy. For example, T. tenax is capable of growth with H 2 and CO 2 alone (Fischer et al. 1983) , or with organic substrates including glucose, casamino acids, ethanol, malate or formamide as the sole carbon and electron source (Zillig et al. 1981; Selig and Schönheit 1994) . Thermoproteus neutrophilus can grow autotrophically, mixotrophically or heterotrophically using acetate, 4hydroxybutyrate, succinate and pyruvate (Schäfer, Barkowski and Fuchs 1986; Schäfer et al. 1989a,b; Ramos-Vera, Berg and Fuchs 2009; Ramos-Vera et al. 2010) . In contrast, T. uzonensis grows via the fermentation of complex organic carbon such as peptone or tryptone while growth is not supported by more simple organic compounds. Neither autotrophic growth nor growth on formate has been demonstrated in pure cultures of T. uzonensis (Bonch-Osmolovskaya et al. 1990) despite the presence of genes encoding an archaeal-type formate dehydrogenase (FDH) and a complete dicarboxylate/4-hydroxybutyrate pathway in the genome (Huber et al. 2008; Mardanov et al. 2011 ). This suggests the potential for heterotrophic use of formate or autotrophic CO 2 assimilation and implies that T. uzonensis may be a facultative autotroph.
Here we aimed to investigate the substrate preference, uptake kinetics and energetics of facultative autotrophs in geothermal systems. Our efforts focused on CP since this YNP hot spring has been shown to harbor abundant 16S rRNA gene sequences closely affiliated with the putative facultative autotroph, T. uzonensis, and autotrophic activity in this spring was shown to be suppressed by low (∼20 μM) concentrations of formate (Urschel et al. 2015) . Moreover, unlike a variety of other springs in YNP (Windman et al. 2007; Urschel et al. 2015) the concentration of formate in CP was shown to be below the limits of detection (<100 nM) (Urschel et al. 2015) which may indicate that this substrate is used as quickly as it is produced/introduced into the system. An important consideration for this study is that formate, like other organic acids, becomes increasingly cytotoxic with decreasing pH (Pronk et al. 1991) . Cytotoxicity results from the ability of an organic acid, when protonated and uncharged, to readily diffuse into the cell and deprotonate at intracellular pH, thereby decreasing the membrane potential and decoupling ion translocation from ATP production (Russell 1992) . The percentage of the total amount of an organic acid that is protonated at any given pH is directly proportional to its pKa, making organic acids with a higher pKa potentially more cytotoxic than those with a lower pKa in acidic environments such as CP. For instance, the pKa of formate is 3.75 at 80 • C (Amend and Shock 2001) , indicating that half of the available formate pool is protonated and uncharged at this pH and capable of diffusion into the cell.
In this study, we employed an enrichment strategy targeted toward organisms that could utilize formate but also designed to avoid formate cytotoxicity by maintaining concentrations between ∼30 and 100 μM. As a result, we isolated a crenarchaeote (strain CP80) capable of formate-dependent or hydrogen-dependent growth, with S 8
• as the electron acceptor. The partial 16S rRNA gene sequence from the genome of CP80 exhibited 98.8% sequence identity with the 16S rRNA gene from T. uzonensis and was identical to the dominant archaeal energetic and genomic data generated from studies of strain CP80 to further elucidate the physiological mechanisms that influence the shift between formate-dependent heterotrophic and hydrogen-dependent autotrophic growth. Comparison of these results to cultivars with available genomic data suggests that facultative autotrophy and preferential utilization of organic acids may be a widespread metabolic strategy employed by a diversity of S 8 • -dependent crenarchaeotes that commonly inhabit high-temperature hydrothermal systems. 
MATERIALS AND METHODS

Physical and chemical measurements
Enrichment and isolation of strain CP80
Clay-rich sediments were sampled aseptically from CP with a flame-sterilized spatula, placed in a sterile serum bottle, and overlaid with a small amount (∼5 mL) of unfiltered spring water. Serum bottles and their contents were capped with a butyl rubber stopper and an aluminum crimp seal, briefly purged with N 2 , and stored in a thermos filled with spring water (to minimize temperature change) during transport back to the lab at MSU. Samples were stored in an incubator at 80 • C for ≤24 h before being used for enrichment and isolation. A previously described base salts enrichment medium (Boyd et al. 2007 ) consisting of MgSO 4 (0.33 g L −1 ), NH 4 Cl (0.33 g L −1 ), CaCl 2 (0.33 g L −1 ), KCl (0.33 g L −1 ) and KH 2 PO 4 (0.33 g L −1 ) was prepared for use in enrichment and isolation of organisms capable of growth on formate (added to a final concentration of 50 μM) as the sole carbon and electron source. The pH of the medium was adjusted to 4.0 with concentrated hydrochloric acid and 35 mL of base salts medium was dispensed into several 70 mL serum bottles. Serum bottles and their contents were purged for ≥45 min with nitrogen (N 2 ) gas passed over heated (210 • C) and H 2 -reduced copper shavings to remove oxygen, capped with butyl rubber septa, and autoclave sterilized. Following sterilization, orthorhombic elemental sulfur flower (S 8 • ; 5 g L −1 , autoclaved dry under an N 2 atmosphere at 110 • C for 1 h) was added to each serum bottle under a stream of sterile N 2 gas. Finally, filter-sterilized and anoxic (N 2 purged) SL-10 trace elements and Wolfe's vitamins were added to a final concentration of 1 mL L −1 as previously described (Boyd et al. 2007 ). For simplicity, this medium will be referred to as S 8 • -base salts for the remainder of this communication. S 8 • -base salts medium was inoculated with 100 μL of the sediment/water slurry collected from CP, and the cultures were incubated at 80 • C. Cultures were amended with an additional 50 μM formate every 72 h from a sterile, anaerobic stock solution prepared in S 8 • -base salts medium at pH 4.0. S 8 • reduction activity in cultures was monitored by measurement of the production of total sulfide, as determined via the methylene blue method (Fogo and Popowsky 1949) . Cultures exhibiting significantly greater sulfide production activity than that observed in uninoculated controls were used in a subsequent dilution to extinction cultivation assay aimed at obtaining a pure culture. Briefly, a series of eight 125 mL serum bottles were prepared with 45 mL of S 8 • -base salts medium amended with formate to a final concentration of 50 μM. S 8 • -base salts medium was inoculated with 5 mL of inoculum taken from enrichment cultures exhibiting sulfide production activity, for an initial dilution factor of 10 −1 . A 10-fold dilution to extinction isolation strategy was employed from this first dilution to a final dilution factor of 10 −8 . Cultures were incubated at 80 • C for ∼7 days, followed by the inoculation of a newly prepared dilution series from the most dilute culture group showing S 8 • reduction activity in the previous dilution series. Progress toward enrichment of a population with a single morphotype was monitored in each dilution to extinction culture series by epifluorescence microscopy using SYBR Gold Nucleic Acid Gel Stain (Life Technologies, Inc., Grand Island, NY) as previously described (Boyd et al. 2007) . A separate series of serum bottles containing S 8 • -base salts were prepared for use in monitoring abiotic production of sulfide.
Genomic characterization of strain CP80
Following four rounds of dilution to extinction, a single morphotype was observed. Three 5 mL subsamples of a culture with this single morphotype were harvested via centrifugation (14 000 × g, 15 min, 4 • C), and total DNA was isolated from the cell pellets using the FastDNA Spin Kit for soils (MP Biomedicals, Santa Ana, CA). Equal volumes of replicate extractions were pooled and quantified using the Qubit DNA Assay kit and a Qubit 2.0 Fluorometer (Life Technologies). A total of 35 cycles of PCR were conducted using bacterial-(1100F/1492R) or archaeal-specific (344F/915R) 16S rRNA gene primers with reaction and cycling conditions as previously described ). Amplicons were not generated using bacterial-specific PCR primers. The archaeal 16S rRNA gene amplicons were subjected to pairedend Illumina MiSeq sequencing (Illumina, San Diego, CA). Postsequencing processing was performed with Mothur (Schloss et al. 2009 ) as previously described ) after removing reads of less than 300 base pairs (bp). The NCBI SRA accession number for raw 16S rRNA gene sequence and quality files is SRR1812888. Total genomic DNA was sequenced at the Genomics Core Facility at the University of Wisconsin-Madison using the paired-end Illumina MiSeq platform. DNA fragments were prepared according to the manufacturer's protocol. Quality of the reads was checked with FastQC (bioinformatics.babraham.ac. uk/projects/fastqc). Reads were quality trimmed from both ends using Trimmomatic (Bolger, Lohse and Usadel 2014) . Reads containing more than three N's were removed and reads with an average quality score of less than Q20 or a sequence length less than 50 bp were removed. The trimmed paired-end reads were assembled using SPAdes version 3.5.0 (Nurk et al. 2013) and were annotated using the RAST server (Aziz et al. 2008) . A draft genome was assigned to the taxon Thermoproteales using the taxonomic affiliation of predicted genes based on the best BLASTx match. The NCBI SRA database accession number for raw paired-end metagenomic sequence files is SRR1812888. The DDBJ/EMBL/GenBank accession number for this partial genome shotgun project is LCWM00000000. Strain CP80 was grown in S 8 • -base salts medium with formate as the sole carbon source and electron donor or CO 2 as carbon source with H 2 as the electron donor. Triplicate cultures were prepared for both biological and abiological (uninoculated) incubations as described above with the following exception for cells grown on 20% CO 2 / 80% H 2 : the N 2 headspace was purged for 1 min with sterile H 2 passed over heated (210 • C) copper shavings. Stock solutions (10 mM) containing a 170:1 ratio of 12 C to 14 C formate or bicarbonate were used to amend media with 50 μM formate or bicarbonate. Given that the pKa for bicarbonate/CO 2(aq) at 80 • C is ∼6.4 (Amend and Shock 2001), it was assumed that the added bicarbonate completely dissociated to CO 2 when added to S 8 • -base salts medium with the pH adjusted to 4.0 and equilibrated with headspace CO 2 . Formate or H 2 /CO 2 -amended cultures were inoculated to an initial cell density of 10 5 to 10 6 cells mL −1 from mid-log phase stock cultures grown on formate/S 8 • or H 2 /CO 2 /S 8 • , respectively.
All cultures were incubated at 80 • C for the duration of the experiment. Subsamples were collected from cultures every 24 to 48 h for determination of cell concentrations and determination of oxidation or assimilation of formate or CO 2 (described below). The concentration of total sulfide was measured in each culture for each time point. Total sulfide concentration was determined by summing the concentrations of gaseous sulfide and aqueous sulfide in each culture (as calculated using Henry's Law; Sander 2014). Cell counts were performed using epifluorescence microscopy as described above. Cell counts could not be normalized to units of cell mass due to low cell densities and our inability to measure protein using a variety of methods (data not shown). Since cultures did not enter exponential growth phase due to limited nutrient availability, generation times (T n ) were calculated based on cell densities at time points comprising the steepest portion of the observed growth curves. Thus, T n , as reported for this set of experiments, may underestimate true T n .
Rates of substrate transformation
N 2 -purged serum bottles (12 mL) containing 1 mL of the CO 2absorbing solution Carbo-Sorb R E (PerkinElmer, Inc., Santa Clara, CA, USA) were evacuated to a final pressure of -1.3 kPa using a vacuum pump for use in determining the concentration of CO 2 produced in the gas phase of cultures grown on formate. A total of 1 mL of the gas phase was removed from the headspace of each culture using a 1 mL syringe and stopcock and immediately injected into one of the bottles containing Carbo-Sorb E solution.
To determine the concentration of dissolved CO 2 produced during growth on formate, 2 mL of culture was removed from each microcosm and injected into a 12 mL serum bottle prepared as described above, but without Carbo-Sorb E solution. The sealed 2 mL subsamples were acidified by the addition of 0.2 mL 12N hydrochloric acid to ensure that the concentration of inorganic carbon remaining in the solution was minimized. Following 2 h equilibration, 5 mL of the headspace (at atm pressure) were removed using a 10 mL syringe and stopcock and injected into a separate 12 mL serum bottle containing 1 mL Carbo-Sorb E solution, prepared as described above. Serum bottles containing gas samples and Carbo-Sorb E solution were allowed to react at room temperature (∼22 • C) for approximately 2 h. Following incubation, the vials were opened and the Carbo-Sorb E solution was removed and transferred to a 20 mL liquid scintilla-tion vial containing 10 mL CytoScint ES liquid scintillation fluid (MP Biomedicals) in preparation for liquid scintillation counting (LSC), as described below.
The amount of 14 C assimilated during growth of strain CP80 on either formate or CO 2 was determined by removal of 2 mL subsamples from each culture. Samples were acidified as described above and filtered onto sterile, white 0.22 μm polycarbonate membranes. Filtered samples were washed with 5 mL of culture medium (pH 4.0, no carbon source), dried for 1-2 h at 80 • C, placed in scintillation vials and overlaid with 10 mL of Cy-toScint ES liquid scintillation fluid. Radioactivity associated with each of the samples (Carbo-Sorb E solution and filtered biomass) was measured on a Beckman LS 6500 LSC (Beckman Coulter, Inc., Indianapolis, IN) with an estimated detection limit of 30 and 32 pM for 14 C-formate and bicarbonate, respectively. Detection limits were based on the known background counts associated with this scintillation counter and the specific activity of the radiolabeled substrates used. Rates of oxidation (i.e. mineralization) and/or assimilation of formate and CO 2 were calculated from liquid scintillation counts using previously described methods (Urschel et al. 2015) . The mean and standard error of the rates of substrate transformation attributable to biological activity was calculated as the difference between substrate transformation rates in three biological replicates and three abiological (uninoculated) controls. The amount of formate remaining in culture medium (residual formate) was determined by mass balance.
Suppression of CO 2 assimilation by formate
Serum bottles (70 mL) containing 10 mL of S 8
• -base salts medium were prepared as described above. Following removal of O 2 via N 2 sparging, the headspace of each culture was purged for 1 min with filter sterilized (passed through 0.22 μm filters) H 2 followed by the addition of CO 2 to achieve a final concentration of 20% CO 2 to 80% H 2 . A total of 5 μCi (0.1 μmol) of 14 C-bicarbonate was added to the culture medium. The culture medium was then amended with 0, 5, 10, 20, 40 or 80 μM 12 C-formate. Cultures were inoculated from H 2 /CO 2 grown log phase cultures to an initial cell density of 10 6 cells mL −1 . Following 4 h incubation at 80 • C, S 8 • -base salts medium was acidified to a pH < 2.0 as described above to volatilize unreacted 14 CO 2 . Bottles were allowed to degas for 1 h in a fume hood followed by filtration of cells onto 0.2 μm white polycarbonate membrane filters. Membranes were dried at 80 • C for 24 h, and the 14 C activity in the biomass of each culture was determined by LSC as described above. The percent suppression of CO 2 assimilation activity at each formate concentration was determined by normalization of the 14 C activity in the biomass of the formate-amended cultures to that in the unamended cultures. 
Kinetics of formate conversion
The ratio of total formate transformed to total S 8 • reduced was determined by dividing the amount of formate transformed by the amount of S 8 • reduced (derived from total sulfide produced)
at each time point, followed by calculation of the mean and standard error of measurement of this ratio across all time points. H 2 concentration was not monitored during growth and thus the ratio of total H 2 oxidized to total S 8 • reduced could not be calculated. The amount of carbon assimilated per cell (fmol C assimilated cell −1 ) during growth on formate or CO 2 was calculated by dividing the total C assimilated from formate or CO 2 at each time point by the number of new cells produced at each time point. This was followed by calculation of the mean and standard error of measurement of these ratios across all time points. The total amount of energy available to an organism catalyzing a redox reaction in a non-standard state displaced from equilibrium is given by equation 3:
where r G is the Gibbs free energy of reaction, r G • is the standard Gibbs free energy of reaction, R is the ideal gas constant (∼8.314 J mol −1 K −1 ), T is the temperature in Kelvin (K) and Q r is the activity product (the product of the activities of each reactant and product, where reactant activities are negative, and product activities are positive). The activity (α) of each reactant and product can be calculated from its aqueous concentration and the ionic strength of the aqueous solution in which the reaction proceeds using the extended Debye-Hückel equation (Helgeson 1981) . Reactant and product activities at each sampling time during growth of strain CP80 on formate and H 2 /CO 2 were calculated based on the ionic strength and composition of the S 8
•base salts medium as described above, as well as the measured or estimated concentration of each reactant and product, using the freeware chemical equilibrium modeling application Visual MINTEQ 3.0. Reactant and product activities were then used to compute r G • and ln Q r using the subcrt command in the thermodynamic modeling package CHNOSZ (Dick 2008) , developed for use with the statistical computing language R (Team 2012) . Calculated r G • and ln Q r values were then used to calculate r G with equation 3 above, and the resulting r G value was divided by the total number of electrons transferred per mol substrate transformed to determine the energy available per mol electron transferred (kJ mol e −1 ). At each time point, the energy available to cultures of CP80 was calculated from the Gibbs energy calculations, as described above, and the total number of electrons transferred from the reductant to the oxidant at that time point was calculated. The total energy available from the individual catalyzed redox reaction at each time point was divided by the total amount of carbon assimilated at that time point to compute the amount of energy required to assimilate carbon. Similarly, the total energy available from the individual catalyzed redox reaction at each time point was then divided by the number of new cells produced at each time point to compute the amount of energy required to produce a single cell. Since we did not quantify differences in H 2 concentration during the growth of strain CP80, we assumed a constant aqueous H 2 concentration equal to the saturation concentration of H 2 in H 2 O at 80 • C and 1 atm of partial pressure (∼768 μM) for these calculations.
RESULTS
Site description
CP is a high-temperature, acid-sulfate-chloride hot spring located in Norris Geyser Basin, YNP. We have observed the temperature and pH of the spring to be fairly constant, ranging from 84 • C to 89 • C and 4.0 to 4.4, respectively, over the past 12 years of sampling (data not shown). These pH and temperature range are similar to the historical average for CP (White, Hutchinson and Keith 1988) . CP is a unique feature in YNP in that a reservoir of molten S 8 • is present at a depth of ∼18 m, while its surface is partially covered with black, hollow spherules comprised of ∼99.0% S 8 • and ∼1.0% pyrite (White, Hutchinson and Keith 1988) . At the time when samples were collected for enrichment and isolation of strain CP80, the temperature, pH and conductivity in CP source waters were 88.7 • C, 4.0 and 4.8 mS, respectively. Total sulfide and ferrous iron concentrations at the site at this time were 6.2 and 4.2 μM, respectively. (Urschel et al. 2015) . For the remainder of this communication, the strain will be referred to as Thermoproteus sp. CP80 or as strain CP80. The rate of sulfide production by CP80 was highest at pH 4.0 suggesting that this is the pH of optimal growth (Fig. S1, Supporting Information) . As a result, all subsequent experiments were conducted in medium with the pH adjusted to 4.0.
Enrichment and isolation of strain CP80
Growth parameters of Thermoproteus sp. CP80 on formate
When grown on formate and S 8 • , the generation time (T n ) of strain CP80 was 33.9 ± 2.1 h (Fig. 1A, Table 1 ). The rate of formate mineralization and assimilation during log phase growth was 20.4 ± 7.2 nmol μg C −1 h −1 and 1.0 ± 0.3 nmol μg C −1 h −1 , respectively. The maximum rate of S 8 • reduction, as assessed by total S 2− production, was 31.9 ± 8.9 nmol μg C −1 h −1 . The ratio of total formate transformed to total S 8 • reduced was 0.8 ± 0.2 nmol μg C −1 h −1 , which is not statistically different from the expected 1:1 molar ratio of formate oxidized to S 8 • reduced (equation 1). Formate mineralization and assimilation activity decreased as the remaining formate concentration approached ∼30 μM (Fig. 1B) . At this point, the rate of S 8 • reduction decreased substantially (Fig. 1C ). When additional formate was added at 168 h (final concentration 65 μM), the rate of formate transformation increased to 9.3 ± 3.7 nmol μg C −1 h −1 which was ∼46% of the observed maximum formate transformation rate. A concomitant increase in S 8 • reduction activity was observed upon amendment with additional formate (Fig. 1C) , with production of sulfide ceasing when formate oxidation ceased (Fig. 1B) . The estimated biomass yield was 99.3 ± 31.1 fmol C assimilated cell −1 . The amount of C assimilated per unit energy conserved from formate/S 8 • (equation 1) was 209.2 ± 28.4 fmol C μJ −1 , while the amount of energy required to synthesize a cell under these conditions was 0.5 ± 0.2 μJ cell −1 (Table 2) .
Growth parameters of Thermoproteus sp. CP80 on H 2 and CO 2
When CP80 cells were grown autotrophically with H 2 and S 8 • (Fig. 2) , the T n was 85.5 ± 4.7 h, which is roughly 2.5-fold longer than when grown on formate and S 8 • . Moreover, a lag phase of 96 h was observed which is roughly 4-fold longer than the lag phase of CP80 cells when grown with formate (data not shown). This lag phase was observed when cells used as inoculum were grown with formate or with H 2 and CO 2 . The maximum rate of C assimilation from CO 2 was 0.2 ± 0.1 nmol μg C −1 h −1 , which is significantly lower than the maximum rate of C assimilation observed when cells of CP80 were grown on formate (1.0 ± 0.3 nmol μg C −1 h −1 ) ( Table 1 ). The maximum rate of S 8
• reduction, as assessed by sulfide production, was 55.4 ± 9.1 nmol μg C −1 h −1 . The biomass yield was 46.5 ± 30.0 fmol C cell −1 , which was not significantly different from that observed in CP80 grown on formate (99.3 ± 31.1 fmol C cell −1 ) ( Table 2) . This is consistent with microscopic evidence indicating that the cells were of about the same size when grown in the different medium compositions (data not shown). The amount of C assimilated per unit energy conserved from on H 2 /S 8 • (equation 2) was 19.0 ± 0.3 fmol C μJ −1 which was 9.1% of that calculated when cells were grown with formate. The amount of energy required to synthesize a cell under H 2 /CO 2 -dependent conditions was 2.5 ± 1.6 μJ cell −1 which is a factor of 5 greater than that (0.5 ± 0.2 μJ cell −1 ) under formate-dependent conditions ( Table 2 ). Fig. 3) . Arrows indicate the time point at which cultures were amended with additional formate (50 μmol L −1 ). The average and standard error of measurement (SEM) of three replicate cultures is presented for each data point.
Formate transformation kinetics and substrate preference in Thermoproteus sp. CP80
The rate of CO 2 assimilation in CP80 cultures grown on H 2 /CO 2 /S • was not significantly suppressed in the presence of 5 or 10 μM formate when compared to that of the unamended control (0 μM formate), but decreased by approximately 22% in the presence of 20 μM formate and was below the limits of detection in the presence of 40 and 80 μM formate (Fig. 3A) 
where P i is the partial pressure of 12 CO 2 in the headspace (0.2 atm at 20% 12 CO 2 ) and K H is the Henry's Law constant for CO 2 (29.41 atm M −1 ), the aqueous concentration of 12 CO 2 in these cultures is calculated to be 6.8 mM. The addition of 1 μmol of H 14 CO 3 to 10 mL of culture media results in a final H 14 CO 3 concentration of 0.1 mM, which gives a 14 C: 12 C ratio of 0.0147. Even in the event that the maximum of 80 μM 12 C-formate was oxidized to 80 μM 12 CO 2(aq) , this would result in a 12 CO 2 concentration of 6.88 mM, which gives a new 14 C: 12 C ratio of 0.0145, which is a decrease in 14 C: 12 C ratio of only 1.2%. Therefore, the concentration of 14 Cformate (a maximum of 80 μM) added to the cultures in which CO 2 assimilation was suppressed was not sufficient to dilute the 14 C pool enough to account for this suppression.
The calculated Michaelis-Menten constant of formate conversion (K s ) for cells of strain CP80 was 31.2 ± 7.3 μM and the calculated maximum velocity of formate conversion (V max ) was 36.0 ± 5.0 nmol h −1 (Fig. 3B) , which is roughly 2.5-fold higher than the observed maximum rate of formate mineralization (calculated without normalizing to C assimilated) by CP80 grown with 50 μM formate (14.9 ± 4.9 nmol h −1 ). Together, these results suggest a reduced efficiency for CP80 to utilize formate at low concentrations.
Genomic characterization of Thermoproteus sp. CP80
Paired-end Illumina MiSeq libraries were generated from genomic DNA, assembled and annotated to provide additional insight into formate, H 2 /CO 2 and S 8
• metabolism in strain CP80.
Assembly of the CP80 genome yielded 187 contigs with a predicted genome size of 2.35 mega base pairs and a predicted GC content of 46.5%. Based on sequence homology, the partial genome sequence of CP80 predicts genes encoding a single putative 'O'-type FDH which consists of homologs of the alpha, beta and gamma, subunits of the FDH-O complex organized in an apparent operon (Table S1 , Fig. S3, Supporting Information) . The presence of a twin-arginine motif in the alpha subunit indicates that it is targeted for transport across the membrane. The alpha, beta and gamma subunit encoding genes exhibit 94%, 92% and 79% sequence identities to FDH-O homologs in T. uzoniensis 768-20.
A single, trimeric [NiFe]-hydrogenase complex was predicted in the genome of Thermoproteus sp. CP80 based on homology of a suite of genes. The large subunit of this complex exhibits 97% sequence identity to the large subunit of a group 1, uptake nickeliron ([NiFe])-hydrogenase in T. uzoniensis 768-20. Two genes located immediately upstream of the large subunit are homologous to the small subunit (95% sequence identities) and the cytochrome b containing subunit (91% sequence identities) in the genome of T. uzoniensis 768-20. These genes are also organized as an apparent operon (Fig. S4, Supporting Information) , and the encoded proteins are targeted for transport across the membrane by a twin-arginine motif present in the small subunit (Vignais, Billoud and Meyer 2001) .
In addition to genes encoding a putative FDH and a [NiFe]hydrogenase, genes encoding homologs of a multimeric sulfur reductase (Sre) complex putatively involved in S 8
• reduction (Mardanov et al. 2010) were predicted based on homology. The genes encoding the three subunits (A, B, C) that comprise this complex were colocalized and exhibited 90%, 94% and 88% iden-tity to SreABC subunits present in the genome of T. uzoniensis 768-20. SreA contains an N-terminal twin-arginine motif indicating that it is likely oriented on the outer side of the membrane. Additional genes encoding proteins involved in energy conservation identified in the genome of CP80 include a multimeric V-type ATP synthase complex as well as a number of proteins that are likely to be involved in the electron transport chain including homologs of NADH dehydrogenase and NADHubiquinone oxidoreductase (Table S1, Supporting Information). A complement of gene homologs encoding the majority of enzymes involved in the dicarboxylate/4-hydroxybutyrate pathway of CO 2 fixation was also identified in the CP80 genome based on homology (Table 1, Fig. S5, Supporting Information) . The presence of genes encoding homologs of all but three enzymes in this pathway in CP80 is consistent with the known distribution of the pathway in the archaeal orders Desulfurococcales and Thermoproteales, including Thermoproteus spp. (Ramos-Vera, Berg and Fuchs 2009; Ramos-Vera et al. 2010 ).
DISCUSSION
Thermoproteus strain CP80, a facultative autotroph, was isolated from CP, a sulfur-rich, high-temperature (89 • C) hydrothermal feature in YNP using formate as the electron donor and carbon source and S 8
• as the electron acceptor. The partial 16S rRNA gene sequence from the genome of CP80, which exhibited 100% sequence identity with the numerically dominant archaeal 16S rRNA gene sequence obtained previously from CP sediments (Urschel et al. 2015) , was 98.8% identical to that from T. uzoniensis 768-20, an S 8 • -reducing, anaerobic heterotroph belonging to the crenarchaeal order Thermoproteales (Bonch-Osmolovskaya et al. 1990 ). CP80 couples formate oxidation to S 8 • reduction at temperature and pH conditions similar to those present in situ (Fig. 2) . To our knowledge, this the first report of coupling of formate oxidation with reduction of S 8 • by a crenarchaeote.
Formate metabolism by CP80 ceased when the concentration of formate remaining in batch cultures initially approached 27 μM and, following amendment with an additional 50 μM formate, ceased again when it approached 60 μM (Fig. 1B) . This indicates that formate transformation in these cultures is limited by factor(s) other than formate availability. One factor may be a buildup of sulfide during S 8
• -dependent growth. Sulfide toxicity in microbes is well documented (Castenholz 1977; McCartney and Oleszkiewicz 1991; Reis et al. 1992; Russell 1992; Okabe et al. 1995; Nicholls et al. 2013 ) and may stem from inhibition of key enzymes, or a decrease in the membrane potential via diffusion of sulfide into the cytosol and subsequent deprotonation of uncharged (protonated) sulfide (H 2 S). Since the pKa for the dissociation of H 2 S to HS − is 6.6 at 80 • C (Amend and Shock 2001) , the majority of sulfide produced during S 8 • -dependent growth in medium with a pH of 4.0 would be in the protonated form, making it necessary for the cell to expend additional energy to prevent accumulation of protons from deprotonated H 2 S in the cytosol. Consistent with this suggestion, sulfide accumulation in bulk medium has been shown to increase the doubling (generation) time of some hyperthermophilic microorganisms due to increased maintenance energy requirements (Okabe et al. 1995) . In support of these past observations is evidence that amendment of CP80 cultures with increasing concentrations of sulfide suppresses the total amount of formate mineralized (Supplemental Results and Fig. S3C , Supporting Information).
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When grown on H 2 /CO 2 /S 8 • , strain CP80 did not exhibit a slowing or cessation of C assimilation activity, or growth, despite a final maximum sulfide concentration that was more than 3-fold higher than that observed when CP80 was grown on formate/S 8 • (Fig. 2) . One possible explanation for this result is that the cessation of formate metabolism and the lower cell yields observed in formate-grown cultures of CP80 at high sulfide concentration are due to the combined (additive) toxicity of formate and sulfide, rather than the toxicity of sulfide alone. Indeed, the generation times of cultures of CP80 increased and the total amount of sulfide produced (proxy for S 8 • reduction) decreased with increasing initial formate concentrations in cultivation medium (Fig. S3A andB, respectively, Supporting Information) . Consistent with these observations, sulfate-reducing bacteria (SRB) grown with the organic acids butyrate, acetate and propionate were reported to be more than 2-fold more sensitive to increased sulfide concentrations and pH changes (which effect the protonation ratio of sulfide and organic acids), when compared to SRB grown on H 2 /CO 2 (O'Flaherty et al. 1998 ).
The calculated Gibbs free energy for the formate/S 8 • redox couple remained lower than the H 2 /S • redox couple throughout the growth period ( Fig. S2, Supporting Information) , indicating that it should be preferred for energetic reasons. In support of this prediction, the mass of C assimilated per unit energy conserved ( which indicated that cellular synthesis under the former conditions was a factor of 5 less efficient than the latter conditions (Table 2) . While normalizing cellular synthesis efficiencies to the amount of energy required to synthesize a cell is perhaps nonconventional relative to normalizing to energy required to synthesize a unit of biomass (Heijnen and Van Dijken 1992) , we suggest that from an ecological perspective this metric is perhaps more inclusive since it provides an integrated assessment of energy metabolism and efficiency at the level of the entire cell. A similar approach was used to evaluate temperature adaptation in a psychrophilic thiosulfate oxidizing Thiobacillus strain (Harrold et al. 2016) . Intriguingly, the amount of energy required to synthesize a bacterial Thiobacillus cell, as determined in Harrold et al. (2016) , ranged from 2.3 to 7.7 μJ cell −1 , values which are similar to the values (0.5-2.5 μJ cell −1 ) determined to synthesize an archaeal Thermoproteus CP80 cell. This may point to a universal energy quantum for synthesis of a microbial cell in laboratory grown cultures. To further evaluate this possibility, we combined rates of C assimilation cell −1 with energetic calculations to calculate biomass yields during autotrophic growth with H 2 and heterotrophic growth with formate. The amount of carbon assimilated during autotrophic and heterotrophic growth in exponential phase cultures were 1.2 ± 0.37 and 0.56 ± 0.36 pg cell −1 , which are similar to measurements previously made on heterotrophically grown cells of Escherichia coli (Fagerbakke, Heldal and Norland 1996; Loferer-Krößbacher, Klima and Psenner 1998) and Vibrio natriegens (Fagerbakke, Heldal and Norland 1996) . Normalizing these quantities to the amount of energy dissipated during synthesis of biomass as determined by thermodynamic calculations and taking into account error, we arrive at a range of 191-855 kJ g C −1 for heterotrophically grown cells and 980-20707 kJ g C −1 assimilated for autotrophically grown cells. Values for heterotrophically grown CP80 cells are close to those reported previously for a taxonomically diverse array of heterotrophs grown with a variety of carbon sources (9-175 kJ g C −1 ), while those for autotrophically grown CP80 cells are similar to those reported previously for a taxonomically diverse array of autotrophs (70-385 kJ g C −1 ) (Heijnen and Van Dijken 1992) and are consistent with the preferential use of formate by CP80 for bioenergetic reasons. Importantly, the values determined here for the thermoacidophilic strain CP80 are on the higher end of those reported previously for mesophilic strains (Heijnen and Van Dijken 1992) which may point to increased maintenance energy costs in extreme environments characterized by low pH and or high-temperature (McCollom and Amend 2005; Hoehler 2007 ).
The decreased efficiency of growth on H 2 /CO 2 , compared to that on organic acids, has been observed in other organisms. For example, Acetobacterium woodii (Peters, Janssen and Conrad 1998; Scholten and Conrad 2000) required 8.8-fold greater maintenance energy when grown on H 2 /CO 2 when compared to growth on lactate. Moreover, Pseudomonas oxalaticus OXl grown on succinate as electron donor required 4.4-and 1.9-fold more ATP when grown on CO 2 when compared to growth with glucose and oxalate, respectively (Dijkhuizen, Wiersma and Harder 1977) . A possible explanation for such observations was proposed by Ishaque, Donawa and Aleem (1971) in studies of Pseudomonas saccharophila (Ishaque, Donawa and Aleem 1971) . Here, a lower ATP phosphorylation per unit O 2 consumed (P/O ratio) during autotrophic growth, as compared to heterotrophic growth, was interpreted to be an indicator of poor coupling of substrate oxidation to ATP phosphorylation in the electron transport system used during autotrophic growth. While strain CP80 was not grown with O 2 , a similar phenomenon may be expected with other terminal electron acceptors (e.g. S 8
• ).
The decreased efficiency of coupling energy conservation to cell or biomass production in strain CP80 when grown with H 2 /CO 2 /S 8 • strongly suggests that growth on formate/S 8 • should be preferred over growth on H 2 /CO 2 /S 8 • . To further investigate this hypothesis, we determined the extent to which formate amendment suppresses CO 2 assimilation in cells of CP80 growing with H 2 and S 8 • (Fig. 3A ). CO 2 assimilation in cultures of CP80 was suppressed by 20 μM formate, which is the minimum concentration of formate that was previously determined to suppress CO 2 assimilation in sediments sampled from CP (Urschel et al. 2015) . Additional experiments indicated that suppression was not due to formate toxicity, which occurred only at formate concentrations >200 μM (see Figs S3A and S3B, Supporting Information). Moreover, the measured K s of formate conversion by CP80 in culture (31.2 ± 7.3 μM, Fig. 3B ) is similar to the K s for formate conversion determined previously for CP sediment-associated communities (36.9 μM) (Urschel et al. 2015) . The observed similarity between kinetic properties of formate/S 8 • grown CP80 cells in pure culture and the formate uptake kinetics exhibited by the natural microbial community in CP indicates that the environmental conditions influencing the use of formate in CP are likely similar to those in CP80 microcosms. Taken together, these results indicate that strain CP80 preferentially utilizes the more energetically favorable substrate formate over H 2 when both are available, is capable of metabolic switching between H 2 /CO 2 and formate/S 8 • metabolism over short periods of time, and may be an important driver of primary production and formate transformation in CP.
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CONCLUSIONS
In conclusion, our results demonstrate that the hyperthermophilic crenarchaeote Thermoproteus strain CP80 is a facultative autotroph capable of conserving energy for growth and maintenance from the coupling of formate or H 2 oxidation to S 8 • reduction. To our knowledge, this is the first demonstration of the coupling of formate oxidation to S 8 • reduction in a hyperthermophilic crenarchaeote. The results of H 2 /CO 2 growth experiments, combined with the observed suppression of CO 2 assimilation in CP80 in the presence of formate, demonstrate that CP80 is capable of switching its metabolism in response to the availability of more energetically favorable organic substrates. Partial sequencing and analysis of CP80's genome revealed the presence of putative genes that are consistent with this organism's ability to conserve energy from both formate and H 2 /CO 2 , using S 8 • as sole electron acceptor, and to utilize formate or CO 2 as a carbon source (see Figs S4 and S5, Supporting Information, and associated discussion). The remarkable similarity between the kinetic properties of formate utilization exhibited by CP80 in culture and those exhibited by the chemosynthetic community present in CP indicates that this organism is adapted to formate utilization in its native habitat where it likely plays a key role as a primary producer and heterotroph, depending on availability of carbon sources and electron donors. The ability of CP80 to utilize both formate and H 2 /CO 2 , when combined with the presence of putative homologs for FDH, [NiFe]-hydrogenase, Sre and enzymes of the dicarboxylate/4-hydroxybutyrate cycle in CP80 (Table 1, Figs S4 and S5, Supporting Information) and numerous previously characterized autotrophic and heterotrophic crenarchaeaotes (Fig. 4)   Figure 4 . Maximum-likelihood (ML) phylogenetic reconstruction of partial archaeal 16S rRNA genes from cultivated and uncultivated organisms, including Thermoproteus strain CP80. Organisms with the demonstrated ability to reduce S8 • and which encode for homologs of FDH in their genomes are highlighted in red. Those taxa that are not denoted in red text either are not known to reduce S8 • , do not have an available genome sequence, or are from uncultivated lineages. Representative 16S rRNA gene sequences were compiled from the NCBI database using BLASTn with the 16S rRNA gene from strain CP80 as the query. Genes were aligned and subjected to evolutionary model prediction and ML phylogenetic reconstruction as described previously (Boyd et al. 2013) . The phylogeny is based on an alignment of 240 positions and is rooted with bacterial 16S rRNA genes, as indicated. The hash was introduced to conserve space. 
